The present work deals with some machinability studies on tool wear and surface roughness, in finish hard turning of AISI D2 steel using PCBN, Mixed ceramic and coated carbide inserts. The machining experiments are conducted based on the response surface methodology (RSM). Combined effects of three cutting parameters viz., cutting speed, cutting time and tool hardness on the two performance outputs (i.e. VB and Ra), are explored employing the analysis of variance (ANOVA).The relationship(s) between input variables and the response parameters are determined using a quadratic regression model. The results show that the tool wear was influenced principally by the cutting time and in the second level by the cutting tool hardness. On the other hand, cutting time was the dominant factor affecting workpiece surface roughness followed by cutting speed. Finally, the multiple response optimizations of tool wear and surface roughness were carried out using the desirability function approach (DFA). 
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Introduction
CBN, mixed ceramic and coated carbide tools are widely used in the manufacturing industry for cutting various hard materials such as high-speed tool steels, die steels, bearing steels, case-hardened steels, white and grey cast irons. In many applications, cutting of these hardened ferrous materials are produced mainly by a sequential series of processes, including costly and time consuming grinding and polishing operations. To meet these challenges, hard turning has emerged as an effective single step metal cutting process to replace grinding operation and give substantial savings in both cost and productivity rates (Lin et al., 2008) . Hard turning process differs from conventional turning because of the workpiece hardness i.e., work-piece hardness range of 40-62 HRC (Özel et al., 2007) . Hard turning offers a number of potential advantages over traditional grinding process, including shorter setup time, greater process flexibility, lower power consumption, fewer process steps and usually there is no need of coolant. Hard turning, if applied to fabricate complex parts, could reduce manufacturing costs up to 30 times (Huang et al., 2007) .
Many studies have been conducted to investigate the performance of CBN, mixed ceramic and coated carbide tool in the cutting of various hardened materials. Bensouilah et al., (2016) applied taguchi based method to determine the effect of cutting parameters on cutting force and surface roughness components in hard turning of AISI D3 cold work tool steel using coated and uncoated CC650 ceramic inserts. The analysis of variance (ANOVA), the signal-to-noise ratio and response surface methodology (RSM) techniques were adopted. It was observed that the surface quality obtained with the coated ceramic insert was 1.6 times better than the one obtained with uncoated CC650 ceramic insert. However, the uncoated ceramic insert was useful in reducing the machining force.
Asiltürk and Akkas (2011) used taguchi experimental design to obtain optimum cutting parameters in minimizing surface roughness while turning hardened AISI 4140 (51 HRC) with coated carbide tools. Experiments were conducted using the L9 orthogonal array in a CNC turning machine They also investigated the effects of cutting parameters on surface roughness by applying statistical methods of signal to noise ratio (SNR) and ANOVA. It was reported that the feed rate has the most significant effect on Ra and Rz. Davim and Figueira (2007) performed an experimental and statistical investigation of the machinability of AISI D2 tool steel. Hard turning operation was performed on AISI D2 steel having hardness 60 HRC, the tests were conducted by using cutting speed, feed rate and cutting time as main parameters and analysis was done based on the responses. The influence of cutting parameters under flank wear, surface roughness and cutting forces on machinability evaluation in turning with wiper and traditional ceramic tools using ANOVA was presented. Cutting time and cutting velocity were found to be the main parameters that affected the flank tool wear of ceramic cutting tools. However, feed rate was the most influential parameter affecting surface roughness. It was also reported that wiper ceramic tools performed better than traditional ceramic tools. Suresh et al., (2012) investigated the influences of machining parameters on surface roughness, tool wear, machining forces and cutting forces during machining of AISI 4340 steel with coated carbide tools using taguchi technique. The analysis of the result revealed that higher values of feed rates are necessary to minimize the specific cutting force. It was observed that the machining power and cutting tool wear increases almost linearly with increase in cutting speed and feed rate. Furthermore, it was reported that the combination of high cutting speed and low feed rate is important for minimizing the surface roughness. Azizi et al., (2012) investigated the influences of cutting speed, feed rate, depth of cut and workpiece hardness on surface roughness and cutting force during machining of AISI 52100 steel with coated mixed ceramic tools. Taguchi L27 orthogonal array was used for planning the experiments. Analysis of variance (ANOVA) was used to check the validity of linear regression model and to determine the significant parameters affecting the surface roughness and cutting forces. It was reported that the significant parameters in reducing surface roughness were feed rate, workpiece hardness and cutting speed, whereas, depth of cut, workpiece hardness and feed rate were statistically significant on the cutting force components. Elbah et al., (2013) have presented a comparative investigation between the roughness criteria of wiper and uncoated ceramic inserts in hard turning of AISI 4140 steel. To check the validity of quadratic regression model and to determine the significant parameter affecting the surface roughness, RSM and ANNOVA were used. They observed that the surface quality obtained with the wiper ceramic insert was 2.5 times better than the uncoated ceramic insert. Moreover, it was also reported that the feed rate and depth of cut were the most significant factors in reducing the surface roughness. Aouici et al. (2014) used a 3 3 full factorial design, 27 experiments were carried out to determine the effects of feed , cutting speed, and depth of cut on surface roughness, power, and specific cutting force in hard turning of AISI D3 hardened steel using ceramic cutting tool. It was observed that the feed rate is the most influencing factor on surface roughness. Cutting force was affected mostly by feed rate followed by depth of cut. They recommended machining with lower depth of cut and higher cutting speed and recommended limiting the range of feed rate (0.12-0.13 mm/rev) to ensure better surface roughness and minimum cutting forces. Özel et al., (2005) used a four-factor, two-level factorial design (24) with 16 replications to determine the effects of cutting tool edge geometry, feed rate workpiece hardness and cutting speed on resultant forces and surface roughness in finish hard turning of AISI H13 steel using CBN tools. It was reported that the effect of cutting edge geometry was very significant on the surface roughness. Honed edge geometry and lower workpiece surface hardness resulted in better surface roughness. Also, it was reported that workpiece hardness, cutting edge geometry and cutting speed significantly influenced the force component. Aouici et al., (2012) studied the effects of cutting speed; feed rate, depth of cut and work-piece hardness on surface roughness and force components in hard turning of AISI H11 steel using CBN tools. Mathematical models and analysis of results were performed using RSM. The results demonstrated that feed rate and workpiece hardness were the significant parameters affecting surface roughness, whereas depth of cut and work-piece hardness were principal parameters influencing cutting force components. Bouacha et al. (2010) applied response surface methodology (RSM) to investigate the effect of cutting parameters on cutting force and surface roughness components in hard turning of AISI 52100 with CBN tool. The results showed that feed rate and cutting speed parameters mainly influenced surface roughness, while depth of cut exhibited maximum influence on the cutting forces as compared to feed rate and cutting speed. Sahin (2009) compared the tool life of coated CBN, uncoated and coated ceramic inserts in hard turning of AISI 52100 bearing steel using the Taguchi method. The effects of cutting speed, tool hardness and feed rate on tool life were determined by using orthogonal array, signal to noise ratio (SNR) and ANOVA. It was reported that the effects of cutting speed followed by tool hardness and feed rate on tool life were 41.63%, 32.68% and 25.22%, respectively.
Several researchers have made attempts to optimize and understand the effect of various machining parameters using different techniques for the control of the turning process. Experiments on turning of various grades of steels were conducted using different kinds of cutting tools to identify different factors affecting surface roughness, tool wear, cutting force and power consumption (Chinchanikar & Choudhury, 2013; Gaitonde et al., 2009 ; Saravanan et al.,2015; Tamang & Chandrasekaran, 2015) . In the pre-cited general framework, most of the machining studies have been focused on hard and hardened steels using ceramic or CBN cutting tools. However, relatively few works related to machining steels or hardened steels based on the tool wear or surface roughness prediction models have been reported by the response surface methodology. The main objective of the present study is to analyze the effects of machining operation parameters such as cutting speed, cutting time and cutting tool hardness on different aspects like tool wear and surface roughness. The novelty of the present work lies in the comparison between the performance of mixed ceramic, CBN and coated carbide inserts when machining AISI D2 cold work steel using combination of cutting speed, cutting time and tool hardness as input parameters. Particularly the effect of cutting parameters on surface roughness and tool wear of the inserts is highlighted by applying RSM methodology.
Experimental procedure
Workpiece and tool materials
Turning experiments were performed in dry conditions on a heavy duty lathe (HMT make) with 5.2 kW spindle power. The workpiece material was AISI D2, cold work steel, which is popularly used in stamping and punching operations. The composition of the as received material used in this study is listed in Table 1 . The workpiece was thorough-hardened steel followed by a tempering process to attain a hardness value of 45.1 HRC (442 HV). Removable type cutting inserts with four squared working edges were used in the study. The cutting tools used are commercially available and are manufactured by Sandvik coromant. The chemical composition and physical properties of cutting inserts are summarized in Table 1 . The cutting inserts were clamped to a right-hand tool holder with ISO designation PCLNR 25 25 M 12 having −6° rake angle, −6° clearance angle, and 95°approach angle. Instantaneous roughness criteria measurements (arithmetic mean roughness, Ra), for each cutting condition, are obtained by means of a contact stylus profilometer -Hommel Etamic, Jenoptik, Germany, (Model W5) with traverse length of 3.20 mm and cut-off width of 0.8 mm with a stylus tip radius of 2 µm. The flank tool wear was evaluated by Leica DM 6000 advanced microscope and having image characterized, using Leica image analysis software.
Experimental design 2.2.1. Response surface methodology
The objective of response surface methodology (RSM) is to determine a relationship between independent input process parameters with the studied responses (Gaitonde et al., 2010) . This procedure includes following six steps (Aouici et al., 2012) . These are, (1) definition of independent input variables and the desired output responses, (2) adoption of an experimental design plan, (3) performing regression analysis with the quadratic model of RSM, (4) calculate analysis of variance (ANOVA) for the independent input variables in order to find significant parameters that affect the responses, (5) determination of the situation of the quadratic model of Response Surface Methodology and decide whether the model of RSM needs screening variables or not and finally, (6) optimization, conduction of confirmation experiments and verifying the predicted performance characteristics. In the current study, the relationship between the input, called the cutting conditions, cutting speed (Vc), cutting time (t), tool hardness (TH) and the output Y, defined as the desired machinability (tool wear, surface roughness,) is given as
where Ø is the response function. The approximation of Y is proposed by using a quadratic mathematical model, which is suitable for studying the interaction effects of process parameters on machinability characteristics. In the present context, the RSM based second order mathematical model is given by:
where b0 is the free term of the regression equation, the coefficients, b1, b2,b3 . . . , bk are the linear terms and b11, b22,…., bkk are quadratic terms while b12, b13, bk-1 are the interacting terms. Xi represents input parameters (Vc, t, and TH). The output, tool wear (VB) and surface roughness (Ra) are also called response factors.
Face central composite design (FCCD) test matrix with an alpha value of 1 was used for planning of tool wear and surface roughness experiments. In the present work, 20 experiments were performed on the work material to develop tool wear and surface roughness models. The experimental plan is developed to assess the influence of cutting speed (Vc), cutting time (t) and tool hardness (TH) on the surface roughness (Ra) and tool wear (VB) parameter. The levels of the three factors on machining parameters are reported in Table 2 and the experimental design consists of 20 runs as outlined in Table 3 . Table 3 shows all the values of the response factors, tool wear and surface roughness components. The surface roughness (Ra) was obtained in the range of (0.32-1.88) µm and tool wear was obtained in the range (68.39-290) µm, respectively.
Results and discussion
Statistical analysis
A variance analysis of the tool wear (VB) and the surface roughness (Ra) components was made with the objective of analyzing the influence of cutting speed (Vc), cutting time(t), and cutting tool hardness (TH) on the results. Tables 4 and Table 5 show these results of ANOVA, respectively, for tool wear (VB) and surface roughness (Ra). ANOVA was performed using Design Expert 10 statistical software. The analysis was out for 5% significance level, i.e., for 95% confidence level. Table 4 presents the ANOVA results for tool wear. The Model F-value of 30.47 implies the model is significant. Values of "Prob > F" less than 0.0500 indicate model terms are significant. The "Lack of Fit F-value" of 5.27 implies there is a 4.60% chance that a "Lack of Fit F-value" could occur due to noise. "Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. The ratio of 22.624 indicates an adequate signal. It is, therefore, concluded that this model is significant and can be used to navigate the design space. The sum of squares, the mean square, the F value as well as the residual is shown in the ANOVA table.
Cutting speed (Vc), cutting time (t), cutting tool hardness (TH); interaction effect of cutting speed and cutting time (Vc × t) and the square of cutting tool hardness (TH) 2 have significant effect on the tool wear. But the effect of cutting time (57%) and tool hardness (23%) are the most significant factors associated with tool wear. The analysis of influence on surface roughness is summed up in Table 5 . The value of "P-value" for model is less than 0.05 which indicates that the model is significant, which is desirable as it indicates that model terms have a significant effect on the output response. For "adeq precision" the signal to noise ratio is 22.028 (>4) which indicates an adequate signal and therefore the model is significant and can be used to navigate the design space. It is, therefore, concluded that this model. Cutting time (t) cutting speed (Vc) and tool hardness (TH), interaction of cutting speed and cutting time (Vc × t ), interaction of cutting time and tool hardness (t × TH), product of cutting time (t 2 ) and product of tool hardness (TH 2 ) are found to be significant factors and contributed more for the surface roughness response. The cutting time (45%) followed by the cutting speed (22.8%) and tool hardness (18.4%) had the most effect on surface roughness. 
Regression equations
The relationship between the factors and the performance measures were modelled by quadratic regression. The regression equations obtained were as follows. The tool wear (VB) model is given below in Eq. The predicted values of response factors illustrating tool wear (VB) and surface roughness (Ra), are obtained from regression Eqs. (3-4) and the experimental values corresponding to different combinations of machining parameters are reported in Table 4 . The predicted values are compared with the corresponding experimental values. This is depicted in Fig. 1 and Fig. 2 . 
Tool Wear
The analysis of ANOVA Table 4 indicates that the cutting time (t) followed by cutting tool hardness (TH) and cutting speed (Vc) had the highest influence on tool wear. Interaction of cutting speed and cutting time (Vc × t) and the product of tool hardness (TH 2 ) maintained negligible effect or are less significant on tool wear. Interaction plots, in Figs (3-5) , illustrate the evolution of the tool wear (flank wear) according to the cutting speed (Vc), cutting time (t) and tool hardness (TH) parameters. Fig. 3 shows the estimated response surface for the tool wear in relation to the cutting time and cutting speed. According to the figure, the increasing effects of cutting speed and cutting time increases tool wear. It was also observed from the figure that cutting time exhibits the maximum influence on tool wear, as was also reported by (Berkani et al., 2015) . This is due the fact that with the increase in cutting speed (110-190 m/min), the rubbing action between the cutting tool and the workpiece material is faster and more heat is produced even though less contact time exists. This increased temperature at contact zone with increased speed is significantly high, which even causes the cutting material to exceed its limit of thermal stability. This generation of heat, at the flank face of the tool, softens the cutting edge and more wear occurs (Suresh et al., 2012) . The maximum value of tool flank wear was found with high levels of cutting time and cutting speed.
From the interaction plots Fig. 4 and Fig. 5 , it can be observed that, the tool wear has a tendency to reduce with increase in tool hardness up to a certain point with all cutting speeds used. Conversely, the figures also indicate that the increase of tool hardness from 2200 HV to 2950 HV leads to the increase of tool wear with increasing time and cutting speed. From the above discussion and the study of Figs. (4-5) , it is obvious that the characteristic wear of tool is caused by the fact that, the speed and time are the influential factor on wear and it is more likely that wear is the consequence of the speed and time of cut. From the above discussions, it is clear that a combination of middle values of tool hardness, low cutting speed, and minimum cutting time is favorable in reducing tool wear. 
Surface Roughness
The estimated response surface for the surface roughness in relation to the cutting parameters cutting speed, cutting time and tool hardness is presented in Figs 5-8. From Fig 5, it can be observed that the cutting time (t) and cutting speed (Vc) had a significant influence on machined surface roughness (Ra). It is observed that the surface roughness increases with the increase in the machining time (t) due to the wear development, as reported by Bensouliah et al. (2016) . Further, increasing the cutting speed causes a drastic increase in surface roughness because the cutting tool nose wear increases, causing more surface roughness. Maximum surface roughness was obtained at the combination of highest cutting speed (Vc) and maximum cutting time (t). Figs (6-7) explain the main effects of cutting speed (Vc), cutting time (t) and tool hardness (TH) on the surface roughness of the work-piece. The tool hardness effect on surface roughness has a medium statistical importance. Moreover, it can be deduced from the figures that the interaction of higher values of cutting speed (Vc) and cutting time (t) with higher values of tool hardness (TH) has tendency to reduce the surface roughness values. This might be due to retention of cutting edge at higher temperature, caused due to maximum cutting speed (Vc) and maximum contact time (t). The best surface roughness was achieved at the middle level of tool hardness (TH) with low cutting speed (Vc) and minimum time (t). 
Optimization of cutting conditions
Desirability function is not a direct optimization method (Berkani et al., 2015) . It has been used to optimize multiple response factors (VB and Ra). Desirability function is a decision support tool used to identify process parameters that results in near-optimal settings for process responses. During the optimization process, the aim is to find the optimum values of machining parameters in order to produce the lowest tool wear and minimize surface roughness (VB and Ra). Table 6 summarizes the goals and parameter ranges for the optimization process. The RSM optimization results for VB and Ra are defined in Table 7 in order of their decreasing desirability levels. The optimized tool wear (VB) and surface roughness (Ra) results are (54.868-74.043) µm and (0.234-0.531) µm, respectively. Fig. 9 shows two dimensional contour plots that explain the optimization results in terms of composite desirability. The figure clearly explains that the increasing cutting speed and cutting time decreases the composite desirability level. 
Conclusions
This paper presented an investigation of cutting parameters effect on tool wear and surface roughness in machining of AISI D2 steel. Mathematical models were developed to define a relationship between input parameters (cutting speed, cutting time and tool hardness) and output variables using Response surface methodology (RSM). Analysis of variance (ANOVA) was used to check the adequacy of the model and its respective variables. Combined effects of machining parameters on tool wear and surface roughness were evaluated through 3D surface graphs. Finally, the multiple response optimizations of tool wear (VB) and surface roughness (Ra) were carried out using the desirability function approach (DFA). Following conclusions can be drawn from this study:
1. The analysis of machining parameters, using RSM approach, allows the investigation of the influence of each factor on the response outputs, such as tool wear and surface roughness.
2. ANOVA table for tool wear has shown that the main effects of cutting time, tool hardness, cutting speed, the product of tool hardness and the interaction effect of cutting speed and cutting time, all had significant effect on tool wear. Moreover, the cutting time had the most effect on tool wear (57%) followed by cutting tool hardness (23%).
3. ANOVA table for surface roughness has shown that the main effects of cutting time, cutting speed, tool hardness, the product of cutting speed, the product of tool hardness, the interaction effect of cutting speed and cutting time (Vc × t) and the interaction of cutting time and tool hardness (t × TH) had significant effects on surface roughness. Moreover, the cutting time (45%), the cutting speed (22.8%) had the most effect on surface roughness.
4. Based on multi-response optimization process, the optimum cutting variables for minimum tool wear with maximum surface finish were cutting speed of 110.439 m/min, cutting time of 2.072 mins and tool hardness of 2395.336 respectively.
